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ABSTRACT
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The advent of manned space missions has resulted in the present

importance of cryogenic storage and delivery systems capable of operating

for extended periods in zero gravity. This discussion deals with current

methods of cryogenic storage to satisfy the requirements of spacecraft

electrical power system reactant and environmental
critical and subcritical cryogenic storage systems

Supercritical storage is presently being developed

supplies. Super-
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space Tlight programs; therefore, most of this discussion is devoted to

considerations of this type storase system.
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is exposed to weightlessness for short periods, it is not designed for
long term use in weightless enviromment. With the advent of manned space
missions, requirements have resulted for deveolopment of cryogenic storage
systems capable of operating in zero gravity for extended periods of time.

y The discussion presented herein deals with cryogenic reactant storage
to satisfy the requirements of space electrical-power-generation systems
for extended manned spacecraft missions. Supercritical cryogenic storage
is currently the most important method of supplying cryogenic reactants in
space programs; therefore, most of the rcmaining pbrtion of this paper is
devoted to applicable thermodynamic considerations of supercritical cryogenic
storage.

Electrical power for America’s next generation spacecraft, Gemini

and Apollo, will be supplied by fuel cell systems requiring hydrogen and
oxygen as reactants. To satisfy the fuel cell and metabolic requiresments

on Apollo, approximately 640 pounds of oxyge: and 56 pounds of hydrogsn,

)

cryogenically stored, will be required. The importance of using cryogenic
storage to satisfy these requirements may be shown by compering relative
system welghts.

The relative weight of three candidate storags systems 1s illustrated

in Figures 1 and 2 for hydrogen and oxygen,respectively.
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The high pressure gascous storage system represented by curve "A" of
Figure 2 is currently used in the Mercury Spacecraft 7,500 psia gasecus
oxygen supply. Examination of curve "A" in Figures 1 and 2 reveals that
the weight penalty associated with the high-pressure gaseous storage

system limits its usefulness to missions with very low fluid consumption
requirements. Supercritical cryogenic storage, represented by curve "B",
is similar to high pressure gaseous storage in that the fluld always exists
in thc single phase state, with the operating pressure above the critical
pressure. However, the supercritical system permits large payload guantity

storage with much less volume and storage system weight. A subcritical

cryogenic system with normal storage pressure maintai
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tical pressure is rcpresented by "C". and flow
control problems are currently accociated ~ith tho williization of two-phace
liquid-vapor subecritical oy erc ovironment.

Supercritical cryogenic ot o asX oL L Liic phaose CLaT 3 storage
under all gravity conditions. The Judd wociiy rooocmbles o ticuid or a
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vapor, depending upon its temperature; sirco the prossure is maintained

noove the fluid critical pressure
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Apollo spacecraft. The characteristics ol supercritical system operalion
are Indicated on the pressure-enthalpy and tcmperat eniropy dlagrams

Figure 3
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Point 1 indicates the initial fill condition where cryogenic ligquid is
charged into the system until the desired fill capacity is achieved. After
fill is completed, a mixture of saturated liquid and saturated vapor at
111 pressure will occupy the storage vessel. Pressurization from point
1 to operating pressure at point 3 is accomplished by normal heat leakage
to the fluid during standby or may be supplemented with internal heaters.
During pressurization from point 1 to point 2, the liguid density will
decrease until the total volume of the vessel is occupied by saturated liguid
at point 2.

Neglecting vessel expansion, the liquid is further heated which results
in pressure and temperature rise to point 3 with no change in density.

The required heat input for complete pressurization may be determined

by the following relation, refercnce 1:

QA1_5 = w<h5'h1) - EEMW (2,-p,)
Where: W = loaded fluid weight, ccands
J = energy equivalent of ieat (77¢ ft-1b per Btu)
h = fluid specific enthalpy, Btu por pound
P = pressure, psia
¢ - Tfluld density, 1lb per ft5
QA = heat added, Btu, between points 1 and 3

1-3
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UpOoll reaching the

in

ystem operating pressure indicated by poimn .
Tluid witharawal may.begin. As fluid is withdrawn from the systen, e
addition of heat is required to maintain opcrating pressure above the fluid

Ccritical pressure and assure continuation of single phase fluid storage



throughout the mission. As the fluid state reaches the superheated vapor
condition indicated by point 4, heat input requirements to maintain con-
stant pressure become excessive and the pressure is allowed to decay.
Ambient heat leakage into the vessel is normally adequate to maintain a
somewhat isothermal pressure decay along the path k-5, with the fluid main-
tained in the superheated condition.

The heat input requirements for constant pressure supercritical
operation may be determined by the following relationship given in

_reference 2.

Q = o(%‘g

Where: QA = heat input per unit fluid weight expcl%ed, Btu per 1b
o = flyid density, 1b per fti
h = specific enthalpy, Btu per 1o

Figures 4 and 5 indicate the heat input reguirements as a function of
fluid quantity remaining for hydrogen and oxygen, respectively, at various

operating pressures.

Figure & Figure 5
The maximum heat input requirements for constant pressure operation
occur as Tluid quantity depletion nears. Therefore, to prevent excessive
power requirements, the pressure is allowed to decay after the tcus.rature

is sufficiently higher than the critical tempcrature.
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In order for the system to perform efficiently, the maximum ambient
heat leakage to the fluid through insulation, supports,and tubing in a
nonventing system should not be greater than the minimum heat input indicated
by the bottom of the curves in Figures 4% and 5. This minimum point usually
determines the maximum design heat leakage for the system. However, if
extended nonventing standby time is required, the allowable standby heat
leakage may be less than the operational minimum; for such cases, the
standby heat leakage will establish the insulation requirements.

While the supercritical cryogenic storage method ensures single-phase
fluid storage, it provides single-phase fluid delivery only with proper
fluld heating prior to expansion to lower useable pressure. With proper
heating of the withdrawn fluid, the supercritical storage method prevents
two-phase flow, and pressure fluctuations associated with the Ilashing of
liquid to vapor in supply line superheaters co not cxist.

Due to the lack of convective currents in a zero gravity envirorment,
severc temperature and density stratification may occur in supercritically
stored cryogenic fluids. At present, capacitance probes are beinsg developed
for the Apollo and Gemini systems which will indicate the stored reactant
quantity as a function of its density. At constant pressure, the density
is dependent upon temperature, and the presence of mild temperature stratifi-
catlon could result in extremely erroncous fluid guantity gauging.

Figures 6 and 7 $how the variation of fluid density as a Tunction of

temperature for hydrogen at 250 psia and oxygen at 1,000 psia, respectively.

Figure 6 ™ oure 7
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It may be noted from these curves that very slight temperature stratifi-
cation cazn result in considerable error in quantity gauging. Methods for
filuid mixing and conductive heat transfer paths to prevent stratification
are being investigated.

One of the more difficult problems currently associated with supercritical
storage and which is also attributed to the lack of convective currents,
is that of heat transfer to the stored fluid. A solution to this prob-
lem would probably eliminate the problem of tempera%ure stratification.
One solution is to utilize perforated concentric spherical heat exchancers
within the stored fluid to provide maximum heat transfer area with minimum
weight penalty.

The method of using high heat transfer zres is inherently simple and
contains no moving parts within the fiuid. Iowever, it docu add undesired
weight to the system. An alternate azpprocsn is ©o establish circulation
within the stored fluid., This will provide conveolive cwrentc vor better
heat transfer and break up stretification within the fluid. There are
several means of initiating circulzstion within the fluid. Perhaps the
most common is the use of & motor driven paddle whcel or propeller.
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The subcritical cryogenic storage system offers significant tank
\
weight advantages over supercritical systems dve to lower operating pressures.
At present there are several concepts for subcritical cryogenic storage,

none of which has been developed for uce in zero gravity conditions. Onpe

of the most promising is the thermelly regenerative, two-ph:t:e systen.



8-

tained with the addition of heat to the fluid. Since the normal operaling
pressure is maintained below the fluid critical pressure, the fluid exists
in both the liquid and vapor phase. Figure 8 shows subcritical two-phase

operation on pressure-enthalpy and temperature-entropy diagrams.

Figure 8
Liguid is charged into the system at point 1 until the desired fill is
achieved. DPressure buildup from point 1 to 2 may be accomplished thermally
with the additilion of heat or with hydrostatic fill pressure. Upon reaching
the desired operating pressure, fluid withdrawal may begin. As fluid is
withdrawn, the average density of the remezining fluid, which is maintained
at constant pressure and constant temperature, 1s docrecased through the
two-phase region until all of the liquid is either cxpelled or vaporized
as 1llustrated by point 3 on the saturated vapor line. Furthos luid

o+

withdrawal, with heat addition to maintain constant pressure, supcrieatls

~i

the fluid to the condition indicuted vy state 7. L1 the operatlis sressure

\

is sufficiently higher than the required delivery pressure, it may oo
allowed to decay to the condition indicated by state L,

In the gbsence of a gravitational field, the location of liguid is
difficult to predict and guantity measuring problems are encountered.

v .

The matrix-cespacitance-gauging method works in two-phase mixtures. In this

-

method of fluic .ieastrement the fluild acts as electrolyte and the quantity is

measuvred as a function of the capacitive reactance. ©Since the matrix occupiles

the complete vessel volume, it indicates the amount of remaining fluld regardless

of fluid phases or density stratification within the fluid.



However, +the weight penalty associated with this method will prohibvit its
use in the larger systems. One possible solution to the quantity measuring
problem is to use an integrating flow measuring system to indicate the
stored quantity as a function of the guantity withdrawn.

Single phase vapor delivery can be assured with the subcritical system
by the =addition of heat to the fluid before expanding to lower pressures;
however, for high flow rates, the alternate withdrawal of liguid and vapor
from storage usually leads to flow regulation problems. As the cryogenic
" liquid comes into contact with warm superheaters, it flashes into vapor
and the maximum pressure surges to the saturation pressure at maximum
fluid temperature. Br extremely low flowrabes, and rather long supply lines,

this may present a minor problem.

4

Another'amcept for two-phzgce zsvberiticel gtorwse (o zero gravity 1s
that of using the vapor-liguid-solid interusoleculuar forccs 0 facllitate
ullage control. These forces,which appeu:r in the Torm ci ¢ s uce tension

forces, are the only forces actinz or a l.q.ld in & complete zecro cravity
environment. The underlying principle in this concept ig that the liguid-
vapor interface will seek a coﬁf;gureiion Lo satisfy any unbalanced Iforces.
When the liquid reaches its equilibrium configuration, it is said to have
reached its position of minimum energy due to the fact that all pressures,
interface surface areas, and unit surface energies are in balance. This
concept has been verified experimentally by personnel at Lewls Researcn

Center, Reference 3.
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An experimental tenk equipped with a standpipe to demonstrate uwllage
control wzs placed aboard the Mercury spacecraft which was lsunched May
2k, 1962. The system performed as predicted and demonstrated that relatively
sm2ll accelerations could be sustained without forcing the liquid from the
standpipe. Figure 9 shows a sketch of the tank with its zero gravity

liguid-vapor interface configuration.
q

Figure 9

The capacity of the vessel shown was 300 milliliters; the fluid was
water mixed with a mild detergent to decrease its surface tension.

With a thorough knowledge of the equilibrium liguid-vapor interface
configurations in wvarious tank geometries, it is currently believed that
subcritical cryogenic systems could be designed to solve the problems
associated with venting &nd liquid orientstion in two-phase systems.

At the present time there is no reliable method for expelling cryo-
genic liquids under zero gravity conditions. Various vositive expulsicn
concepts Tor cryogenic Tluids have been investigated. Seversl besic types
ol wositive expulsion systems have been concidered; the most common aore

dders, belloWé, Giaphrams,and pistons. Of these basic types, bladder

5 have the highest expulsion eificlency and the lowest weirhiy

¢ siderable ettention has been directed toward their development. e

term "bladder”, as used relative to positive expulsion systems, denotes
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a pliable film with tailored shape to fit the inside ol the ligquid con-
tainer. The bladder is inflated or collapsed, as desired, by external

gas pressure, to force the liguld from the vessel. Bladder systems are
currently in use for storable propellant applications where extreme
temperature conditions are not experienced. A suitable bladder material

hus not yet been found that will withstand flexing and folding while being
subjected to temperatures as low as that of liquid hydrogen at-423°F.. There
has been little or no effort directed toward developing bladders for fluids
.With temperatures above that of hydrogen. Since the problem is essentially
due to temperature, any material that will work with hydrogen should work

with warmer cryogens. If a suitable bladder waterial could be found, it

would be possible to design setisfoctory saveritical T ive expulsion

5]

systems for cryogenic liquids.

/

recent developments in inciszing materisis and techniques have sisnifi-

B frae

cantly contributed to the efticleni wupplication of cryogenic systems ir

0

space. The insulations used for current cryocenic sitorage applications

are almost exclusively oi the superinsulation class. Superinsulations

ety e
SucCi Os

consist of alternate layers oIl a hiynly reflective m

aluminum and poor conductive material such as fiberglas paper. The

insulation, which may have up to 150 layers ver inch of thickness, must

2

be evacuated to a pressure of about 107 torr in order to attain optimum

insulating efficiency.
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The main problem associated with the superinsulations is that of
application to various vessel geometries. Installation requires special
techniques to prevent loading from the vessel walls and minimization of
lateral heat leakage to supports and fluid transfer lines.

In closing, it idis noted that at the present time supercritical storage
offers the most simplicity in operation with inherent reliability and
availability of system components. This method offers significant welght
savings over the high pressure gas storage method and provides single phase

“’storage. Like subcritical storage, it provides good volumetric efficiency.
However, since further weight savings arc possible in the low pressure
subcritical systems, technigues must be developed to facilitate use of sub-

critical systems in zero gravity.



REFERENCES

Frey, J. R., Tyler, J.S., and Burgess, CG.A.: Cryogenic Propellant
Feed Systems for Electrothermal IEngines. AiResearch Report No.

AE-1952-R (NASA Contract NAS 8-1¢94) The Garrett Corporation, 1961 -

Corbett, R.J., Bell, J.BE., and Lester, J.M.: Cryogenic Tankage
for Chemical Space Power Systems. Advances in Cryogenic Engineering,

Volume VII, Plenum Press, New York, 1962.

Petrash, Donald A., Nelson, Thomas M., and Otto, Edward W.: Effect
of Surface Energy on the Ligquid-Vapor Interface Configuration during

Weightlessness. NASA TND-1582, 1963.



48
2
et
[ ————

~1
Wi

VS

\
e
E%
—
N\
AN

d sysic

ey,
ey
[wie }
[e——]
N
N

X Mrly,
oial 1ii2

n wa eocaeie ovamsmeny (OO0 mel
i m“ﬂ @4&.33’ TG FaSGTUS SKCiCEG, ooy BSia
2] S GIC ma vvﬂrffm:'ﬂ:.ﬂ etrrams UTN mela
b,  SUDEICHUCa: CTYCLCLT Swidls, vuy ol

¥ & M‘ > 73N v */‘k}‘ "‘\“Q\:.;’r\
C. Smwmca! cryogenic stoiage, ou S8

Figure 1. !@&J hydrogen tanke 23 weizht as a Tunciion of
iiid payicad



/n
i
A ﬂa Pdm
Sk

-

\ N
NN

S
/ / ,/,/
-~

ensd
¢
P
N

\

20 y
J
T

B—
T PR qae &4 Pl
ik o e ' R 720
s Wi Lo buu [ e
Deorgimost _ Dewnade
€y DRITRTN 8 Wlduaid
. R ey e ro FIETLARTY  amen
a L T Tt S R s P B A e JLuiei® mn ey
ida Eéuggﬂ ;au‘u‘kuu ;_;L.u w-.u.:b-dw’ FRUICRN R

5. Suzereritisal CIYeTss

b ﬁ L.aﬁ R t..h‘.,'

a functon

24



I

| Critical
Critical | temperature
pressure “
\
3 \ 4
/lv ) — — — —
B A SN Critical 4 5
\S -
\ ® temperature ~  Critical
\ E & ——pressur
\ 5 o R+ N )
fou B
£
[+3}
T
2
1
Enthalpy Entropy

Figure 3. Supercritical operation on pressure-enthalpy and temperature-entropy diagrams.



/ 159

— o

o -“.._rd«-
£ AN &
2 =3

: - o
=3 )«

e, b
1500
[or ¢

\\

.}

i x@

d ¥
qf)'-‘n
G2

m_ i . Y ;
apnnlogprdmg = A@MT “andul 1eey Jwseds pild

BT
Ld o

S

)
53 Ny

RN ER

ol oevagn

RS

';\":1
[RVSDg -

3

Som memae
i Luilo

Y

rg,ﬁgn\ﬂﬂ\
QSaveny



O\

1H
)
/
=
(4]
[72]
(4%
| ined
=y
¢
=
%
%)

.
1o ‘1\* Fenuts -\rw\-.n"-

Fig

G&

v [y :
we 5. Spesiiic waat LUt i
eli

delivery, supercritical oxvgen sio

sy e N ooy e
[N A “.




140

120

"
R

[

100 \\

gt e .l“ o
Temparature
(&
L

)
<

g i 2 - £, 5 o

i - R -, h poesoa o FuPa
Fiuid donsity, D oorou it

. 530 Ratin e .!.f,;u ‘.\F‘
Figure 8. Tempcrature vs gonslty §Cr sunorehidcs

waresen, 259 neia.



Y, ‘ormeetig]

]

Ren

=4
-

LR

ity
Wi 4.-\’

o

A g

[
P

-
3
p)

Y
nps ol
Vo i

L]

[iatlatest

i

i

ud G

d

AP TR

i
e
A

1y
'

il

d

Ty
faan
[Py
=%
i€

E]
b

raa
i

=]

RSN SR
-4

A
7

q

:\a’NLu vy
J

T

=

)




Pressure

Temperature

Enthalpy Entropy

Figure 8. Subcritical operation on pressure-enthalpy and temperature-entropy diagrams.
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